Multiple adiabatic/diabatic passages through avoided crossings in the Stark map of cesium Rydberg atoms are employed as beam splitters and recombiners in an atom-interferometric measurement of energy-level splittings. We subject cold cesium atoms to laser-excitation, electric-field and detection sequences that constitute an (internal-state) atom interferometer. For the read-out of the interferometer we utilize state-dependent collisions, which selectively remove atoms of one kind from the detected signal. We investigate the dependence of the interferometric signal on timing and field parameters, and find good agreement with time-dependent quantum simulations of the interferometer. Fourier analysis of the interferometric signals yield coherence frequencies that agree with corresponding energy-level differences in calculated Stark maps. The method enables spectroscopy of states that are inaccessible to direct laser-spectroscopic observation, due to selection rules, and has applications in field metrology. Matter-wave interference offers exquisite sensitivity to measure fields and atomic or molecular interactions. Examples based on atom inertia include atominterferometric gravimetry [1] [2] [3] , gradiometry [4, 5] , and Sagnac-type rotation sensors (gyroscopes) [6, 7] . Such devices usually involve laser-based beam splitters to coherently split and recombine wavefunctions. Another well-known example of matter-wave interference is the superconducting quantum interference device (SQUID) [8] , which engages the vector potential to measure magnetic-field-induced phases in matter waves [9] [10] [11] . Applications of Ramsey's separated-oscillatory-field method [12] , which employs quantum interference between field-coupled internal states of a quantum particle, are abound in spectroscopy and time metrology [13, 14] .
Matter-wave interference offers exquisite sensitivity to measure fields and atomic or molecular interactions. Examples based on atom inertia include atominterferometric gravimetry [1] [2] [3] , gradiometry [4, 5] , and Sagnac-type rotation sensors (gyroscopes) [6, 7] . Such devices usually involve laser-based beam splitters to coherently split and recombine wavefunctions. Another well-known example of matter-wave interference is the superconducting quantum interference device (SQUID) [8] , which engages the vector potential to measure magnetic-field-induced phases in matter waves [9] [10] [11] . Applications of Ramsey's separated-oscillatory-field method [12] , which employs quantum interference between field-coupled internal states of a quantum particle, are abound in spectroscopy and time metrology [13, 14] .
Interferometric methods also extend to Rydberg atoms. These highly excited atoms are attractive in field metrology due to their strong response to applied electric fields (polarizabilities typically scale ∝ n 7 [15] ) and microwave/THz fields. Couplings between Floquet states of thermal Rydberg atoms in microwave fields give rise to Stückelberg oscillations [16] and interference effects in microwave multiphoton excitation [17, 18] . Stückelberg oscillations based on avoided crossings between two-atom energy levels shifted by the dipole-dipole interaction between Rydberg atoms have been investigated in an oscillating radio-frequency field [19] . Ramsey interferometry involving optical and external-electric-field pulses has been employed to detect Stark-tuned Förster resonances and the interaction-induced phase shift of cold rubidium Rydberg atoms [20, 21] . Stark-induced l -mixing interferences based on avoided crossings between low-l states and nearby Stark manifolds of cold cesium Rydberg atoms have been observed by applying electric-field pulses [22] .
In this work we develop a Rydberg-atom interferometer in which avoided crossings in the Stark map are utilized as beam splitters and recombiners, resulting in an interferometer that mimics an optical Mach-Zehnder interferometer. The coherent state mixing occurs during multiple passages of the atoms through avoided crossings. A time-dependent electric field acts as a control parameter for the passage behavior in the avoided crossings. In the second passage, the accumulated phase of the wavefunction coherence is mapped into a measurable population difference between the diabatic Rydberg states of the system. Using the sequence displayed in Fig. 1 , we study the dependence of the interferometric response on the electric field inside the interferometer loop, F f , the ramp time through the avoided crossings, ∆t 1 , and the electric-field hold time T hold between the two field ramps. The coherence frequencies, obtained by Fast Fourier Transforms (FFTs) of the interferometric signals, are compared with the results of a theoretical model. We exhibit the ability of the interferometer to measure energies of "hidden" levels that cannot be directly optically excited as well as other applications. The cesium atoms are trapped in a standard magnetooptical trap (MOT); for details see Ref. [22] . As shown in Fig. 2 , the Rydberg atoms are initially prepared in the well-defined adiabatic state |α , in the initial electric field F i . When the electric field is ramped to its final value, F f , during the ramp time ∆t 1 , mixed diabatic/adiabatic passage through the selected avoided crossing coherently splits the wavefunction into the adiabatic states |Ψ 2 , which predominantly has 49S 1/2 -character, and |Ψ 1 , which is a hydrogen-like linear Stark state with predominantly high-l character.
The selected avoided crossing is centered at F X = 3.19 V/cm (dotted circle in Fig. 2 ). After the holding time T hold at F f , the electric field is switched back to |α at an initial field Fi, the field is ramped to a variable final field value, F f . The relevant atomic states anti-cross at a selected avoided crossing centered at field FX . During the ramp time through the crossing, ∆t1, the atoms undergo mixed diabatic/adiabatic passage into adiabatic states |Ψ1 and |Ψ2 , respectively. After a variable hold time T hold < 60 ns between times t1 and t2, the electric field is ramped back to Fi. The interferometric phase Φ, visualized by the hatched area, is measured via the population difference between the two states at the exit of the interferometer. (b) Timing of the ramped electric field (light green) and the state-selective ionization field (dark green) used to read out the interferometer. As explained in the text, a waiting time of 500 ns before the rise of the ionization field (displayed time interval not to scale) enables state-selective detection.
F i , using the same ramp time ∆t 1 . The atoms pass the selected avoided crossing twice, namely at times near t 1 and t 2 . The differential phase Φ between |Ψ 1 and |Ψ 2 accumulated between t 1 and t 2 , indicated by the hatched area in Fig.1 (a) , is given by
where Φ G includes a geometrical phase that depends on the passage through the crossing. The integral in Eq. (1) reflects the dynamical phase accumulated during the hold time. The energy difference E 2 − E 1 between the adiabatic states |Ψ 2 and |Ψ 1 at the final field is approximately given by
where ∆d is the difference between the electric-dipole moments of the adiabatic states |Ψ 2 and |Ψ 1 at field F f . It is seen that for fixed ∆t 1 the interferometric phase Atoms are initially excited into state |α at electric field Fi = 2.9 V/cm. We study the regions FX < F f < FY and F f > FY (corresponding to the dots on the field axis). In both regions the interferometric signal contains the coherence frequency f1 (corresponding to the blue wide arrow), which originates in coherent splitting and recombination at field FX . The interferometric signal in the second region exhibits additional frequencies f2 (red thin arrow) and f1+f2, which arise due to additional splitting and recombination at field FY .
i. e. it accumulates at a rate largely given by the finalfield value F f . Small deviations occur because the electric dipole moments of the adiabatic states are not exactly fixed. Each time the electric field passes through F X , the field at which the selected crossing is centered, the adiabatic states |Ψ 1 and |Ψ 2 are subject to coherent mixing. The mixing is analogous to beam splitting and recombination in optical interferometers. At the output of the interferometer, we detect the fraction of the atom population that exits in the original S-like state |α . Experimentally the 500 ns waiting period before detection is critical because it enables state-selective readout of the interferometer by separating the elongated high-l Stark state and state |α through m-mixing collisions [23] .
In preparation for our experiment, we numerically obtain the Stark energy level structure for cesium and simulate the time evolution of the wavefunction. For an electric field pointing along z with amplitude F (t) and effective mass µ, the Hamiltonian
where V c is a short-range core potential, V F S is the fine structure, and F (t)ẑ is the perturbation due to the timedependent electric field. In the model we use quantum defects from [15] . Figure 2 shows the cesium Stark structure in the vicinity of the n = 45 hydrogen-like manifold [24] zoomed into the electric-field range of 2.8 -4.2 V/cm. Fig. 1 and obtain the final state after completion of the second ramp, |Ψ end . The interferometric signal S = | α|Ψ end | 2 is computed as function of T hold for a selection of values for the ramp time ∆t 1 and the field F f .
In Fig. 3 (a) we set F f at the center field F X = 3.19 V/cm and show the signal S(T hold ) for a range of ramp times ∆t 1 . The state cutting through the center of the avoided crossing can be largely ignored, as found in Ref. [23] . The signal S(T hold ) oscillates with a period of 17 ns, corresponding to the gap of 58 MHz between the levels at the first avoided crossing. The visibility of the oscillation is maximal for ∆t 1 = 0, because sudden projection of the initial adiabatic state |α into the center field F X of the crossing yields amplitudes near 1/ √ 2 for both coupled levels, which are analogous to the case of a 50/50 beam splitter in an optical interferometer; in that case maximum interference contrast occurs. As ∆t 1 increases, the state evolution becomes increasingly adiabatic and the splitting ratio continuously changes from 50% adiabatic to 100% adiabatic. Hence, as seen in Fig. 3 (a) , the visibility of the oscillation in S diminishes with increasing ∆t 1 .
In Fig. 3 (b) the field F f = 3.51 V/cm, which is inbetween two avoided crossings. As before, the oscillation frequency of S is given by the energy difference between the adiabatic states |Ψ 2 and |Ψ 1 , but the visibility of the oscillation in the signal S peaks at ∆t 1 = 16 ns. In Fig. 3 (b) , the interference signal peaks under conditions when the Landau-Zener passage dynamics through the crossing leads to 50% population in each of the adiabatic states |Ψ 2 and |Ψ 1 . A straightforward calculation for a two-level Landau-Zener crossing with gaps and slopes as in Fig. 2 shows that parity between diabatic and adiabatic passage probability is indeed expected at ∆t 1 = 16 ns.
The phase shift of the signal reflects a variation of Φ G in Eq. 3. The phase shift does not affect the frequency and the visibility of the interference; in the present work we are not concerned with it.
From the simulations in Fig. 3 (a) , (b) and similar ones not shown we conclude that for our experimental studies a choice of ∆t 1 = 5 ns should yield high interference contrast in S(T hold ) for all values of F f . In Fig. 3 (c) we plot S(T hold ) as a function of the final electric field F f for a fixed ∆t 1 = 5 ns. It is seen that interferometric oscillations in S are clearly visible over a wide range F f .
The oscillation frequencies depend on F f in a manner that reflects the energy splittings in the Stark map. The oscillation frequency increases with F f in the domain F X F f F Y ; this frequency corresponds to f 1 (blue wide arrow) in Fig. 2 . When the final field is increased beyond F Y , the signal S(T hold ) displays several frequencies. Noting that mixed diabatic/adiabatic passage from F i = 2.9 V/cm to F f F Y will generate amplitudes in all three adiabatic states |Ψ 1 to |Ψ 3 in Fig. 2 , we expect to find three frequencies in that domain f 1 , f 2 (red thin arrow), and their sum f 1 + f 2 . To find the frequencies, in the following analysis of experimental and simulation data we perform FFTs of the signal S(T hold ).
In Fig. 4 we show experimental interferometric signals S(T hold ) for F f = 3.60 V/cm [panel (a), left plot] and F f = 4.15 V/cm [panel (b), left plot]. The chosen F i is 2.9 V/cm and ∆t 1 equals 5 ns. The plots on the right show the respective spectral power of the FFTs of the measured S(T hold ). To suppress artifacts at low frequencies and spectral side lobes, we subtract the time-averaged values of S and multiply with a standard window function (the Hanning window) before computing the FFTs. Since the experimental data were sampled in 1 ns steps (the smallest step size of the waveform generator used to generate the time-dependent electric field), the experimental data are limited to the range f < 500 MHz, the Nyquist frequency.
The peaks in Fig. 4 correspond to frequencies of the interference signal of 438 MHz for 3.60 V/cm and 297 MHz for 4.15 V/cm. These experimentally observed frequencies agree very well with the Stark-map frequencies labeled f 1 and f 2 in Fig. 2 , respectively. The peak near 20 MHz in Fig. 4 (a) is discarded because it appears to reflect an overall, slow signal drift that occurred while taking the curve S(T hold ).
In Fig. 4 (a) we generate a coherence via mixed diabatic/adiabatic passage through the first crossing in Fig. 2 , and the coherence evolves at a frequency given by the Stark splitting between adiabatic states |Ψ 2 and |Ψ 1 at F f =3.60 V/cm. Our interferometric measurement scheme employed here allows one to measure frequency splittings of states that are optically not excitable due to selection rules. For example, in cesium the linear Stark states (such as |Ψ 1 ) have weak oscillator strength with low-lying S and P -levels. The adiabatic passage through the avoided crossing into the optically non-excitable state serves as a way to circumvent optical selection rules: it allows us to probe states that are hidden in optical excitation spectra.
In Fig. 4 (b) the ramp speed is faster due to larger F f , and the passage through the first crossing is mostly diabatic. The passage through the second crossing (F Y in Fig. 2 ) leads to an adiabatic/diabatic splitting ratio near 50/50, which results in a signal in which the frequency component f 2 between levels |Ψ 3 and |Ψ 2 has a high amplitude (i.e. the corresponding oscillation in the interferometric signal S(T hold ) has a high visibility). Fig. 4 (b) therefore shows that our interferometric method offers flexibility in measuring energy-level differences involving a variety of hidden states of interest. This is done by selecting specific avoided crossings and ramp speeds that result in significant populations in the optically unaccessible states of interest.
We have performed a series of additional measurements at different final field F f . In Fig. 5 we present the frequency values observed in the FFTs of interferometric signals S(T hold ) measured at different final electric-field values (green triangles). Potentially possible aliasing signals in the experiment were not observed. The experimental frequencies are compared with corresponding calculated frequency spacings f 1 , f 2 , and f 1 + f 2 (red diamonds). The backdrop shows the FFT of the simulated signals from Fig. 3 (c) . The simulated FFTs show signals up to 1 GHz (the simulation has a sampling step size of 0.2 ns and a Nyquist frequency of 2.5 GHz; between 1 GHz and 2.5 GHz the simulated FFTs do not show significant signals). All three types of data in Fig. 5 are consistent with each other. It is noted that only f 1 , f 2 and f 1 + f 2 significantly contribute to the FFTs of the interferometric signal, despite the fact that hundreds of Stark states near the selected avoided crossings are included in the calculation. According to the interpretation given above, this is due to the fact that only the adiabatic levels |Ψ 1 , |Ψ 2 and |Ψ 3 become populated due to coupling at the selected avoided crossings.
In conclusion, we have observed the coherence between quantum states using an interferometric method, in which an external electric field is ramped twice through selected avoided crossings. The interferometric signal is observed by varying the hold time between the field ramps, in analogy with varying the path-length difference in an optical interferometer. The coherence frequencies observed in the Fourier transforms of the signal reflect the energy-level differences in the underlying Stark map. The method allows us to map out levels that, due to selection rules, are hidden in optical excitation spectra. Future applications of the atom-interferometric scheme could include metrology of static and radio-frequency (RF) elec-tric fields. To measure RF fields, one can employ stateselective AC shifts (for instance, a state-selective AC shift of the S-like level due to a near-resonance of the RF field with an S to P transition). Conversely, a wellcharacterized field switch could be used to switch the interferometric phase. Single-atom gates operating along these lines could be combined with interferometers involving Rydberg-atom pairs, whose interactions give rise to level-specific interferometric phases.
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